We study He + -induced radiation damage in 10-m-thick LiNbO 3 -thin-film modulators. Results show induced-strain, scattering from interstitials, and the degree of overlap between guided modes with damaged region result in degradation of device extinction ratio and V  L. 
Introduction
Because of its remarkable material properties, lithium niobate (LiNbO 3 )-based photonic devices have been used in various kinds of applications including microwave telecommunications and data transmission. In particular, its birefringence property and the lack of crystal inversion symmetry enable LiNbO 3 as a voltage-controlled electrooptic modulator (Pockels cell) for which the polarization of light passing through the material can be controlled by the applied voltage. With the use of crystal ion slicing (CIS) [1] or smart cut [2] , several m's-thick freestanding films or submicrometer-thick SiO 2 -or benzocyclobutene (BCB)-bonded films can be fabricated. These thinned materials diminish the operational power consumption and the device size significantly such that compact optical modulators with low drive voltage can be realized.
Despite the outstanding device performance, however, it is important to understand the robustness of these properties under extreme environments or in the presence of radiation. Some early studies have shown that material properties of both doped and undoped bulk LiNbO 3 can be affected with neutrons, electrons, X-and -rays irradiation [3] . In this paper, we study helium-induced radiation damage to 10-m-thick LiNbO 3 thin film (LNTF) modulators. The device characteristics relevant to electro-optic modulation, which include extinction ratio and insertion loss, are compared between virgin and irradiated films. It is found that implantation-induced strain and scattering from interstitials give rise to the degradation of device modulation. In addition, the degree of overlap between guided modes with the damaged region affects the performance significantly.
Experimental
Crystal ion slicing is used to fabricate freestanding ~10-m-thick single-crystal LNTF's. Figure 1 (a) shows an example of a CIS film exfoliated from its parent crystal. After post-liftoff annealing, the film is transferred to a handle substrate bonded by silver paint as ground electrode. Subsequently Cr and Au are thermally-deposited on the top surface to form top electrode of our Pockels cell device. Figure 1 (b) is an optical image of such modulator. The effective EO modulation length is the actual electrode length, which is ~2.1 mm in this case. EO modulation is tested in a free-space coupling geometry. Figure 1(c) is a sketch of the optical setup. The device is placed in between two crossed polarizers with their polarization angles tilted 45 degrees with respect to crystal Z axis. The wavelength-tunable collimated laser beam is focused by a 10× microscope objective lens (N.A. ~0.3) with a spot size of ~10 m at the input of the film modulator. The outgoing light is collected by another 7× lens. A pellicle beamsplitter was used so that ~10% of light is reflected so as to couple into an IR camera for the observation of coupling and ~90% of light transmitted to a photodetector. The voltage is applied directly on top of the film electrode. In this configuration, an 8 -10 dB extinction ratio with a ~7.5 V-cm V  L figure-of-merit can be achieved, see Figs. 1(d) and 1(e). Subsequently, the device is irradiated by He + ion with a set of doses and energies to study the radiation damage effects. Doses ranged from 1×10 16 up to 5×10 16 cm -2 ; two energies (2.3 MeV and 3.6 MeV), having different helium stopping ranges in the thin-film devices, were used. From SRIM [4] calculations, the stopping ranges for 2.3 and 3.6 MeV He + ions are at ~5 m (in the middle of the film) and ~9 m from surface, with straggles ~300 nm and ~400 nm, respectively. The device performance was then tested again and compared with the unirradiated modulator. Figure 2 show the results after irradiation. Figs. 2(a) and 2(b) are optical images of the thin-film modulators after 3.6 MeV He + irradiation at a dose of 1×10 16 cm -2 and 5×10 16 cm -2 , respectively. The irradiation gives rise to a strained thin film and after 5×10 16 cm -2 He + bombardment, the built-in stress is high enough to partially crack the film. -dose irradiation leads to a ~5 dB lowered extinction ratio and a ~73% increased V  L value, indicating device degradation. In addition, compared with 3.6 MeV He + , a separate experiment shows 2.3 MeV He + irradiation yields worse light coupling efficiency (higher insertion loss) and worse extinction ratio. This result is tentatively attributed to higher degree of overlap between the guided mode and the 2.3 MeV-He + -damaged region, since 2.3 MeV He + stops in the center of the film, while 3.6 MeV He + stops in the bottom.
Results
In conclusion, He-induced radiation damage on LNTF modulator is studied. The results demonstrate the degradation of the device performance in the presence of He + ion irradiation at a dose ≥ 10 16 cm -2 . The stopping ranges of He + can easily affect the coupled optical mode shape, thus further affecting the modulation performance.
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